Purpose The aim of this study was to evaluate the usefulness of diffusion tensor imaging (DTI) in the detection of cervical spinal cord integrity alterations in different stages of degenerative spine disease, as well as to compare DTI parameters with selected cervical spinal stenosis measurements. Methods One hundred and thirty-two symptomatic patients (mean age 53.58 years) with different stages of cervical spondylosis and twenty-five control subjects (mean age 45.78 years) were enrolled in the study. DTI was performed with a 1.5 T MR scanner. Three hundred and forty-nine spine segments from C2/C3 to C5/C6 were evaluated and divided into five groups according to the degree of spinal cord compression. The values of fractional anisotropy (FA) and apparent diffusion coefficient at each level were calculated and their correlations with the degree of stenosis were analyzed.
Introduction
Degenerative cervical spine disease is one of the most common causes of spinal cord injury. It is a multi-structural disease entity, which may affect all parts of the discovertebral unit, leading to the progressive narrowing of the spinal canal. The most serious complication is spinal cord compression, resulting in neural tissue damage and a syndrome of spinal cord dysfunction known as cervical spondylotic myelopathy (CSM). Magnetic resonance imaging (MRI) is the modality of choice for quantifying the extent of degenerative alterations and spinal canal narrowing, though it has been proven to have low sensitivity in myelopathy detection, ranging 15-65 % [1] [2] [3] [4] [5] [6] . Abnormal T2 signal intensity of the compressed spinal cord, which is considered to reflect myelopathic changes, is not always present, even in very advanced stages of clinically evident myelopathy, and poorly correlates with disease severity [7, 8] . Also its significance in predicting the course of CSM in individual patients is unclear, although some authors found increased T2 signal intensity as a poor prognostic factor for surgical decompression [9, 10] .
Cervical spondylotic myelopathy usually develops gradually, at the beginning in the mechanism of repeated injuries to the spinal cord during movements, later due to chronic neural and vascular compression [11] . It can be assumed that minor spinal cord damage occurs already at the early stage of this process, which clearly cannot be detected by conventional MR examination.
Diffusion tensor imaging (DTI) is a unique MR technique which allows for in vivo evaluation of water molecule movement in highly organized tissues, such as white matter and muscles, providing information about strength of water diffusion (measured by apparent diffusion coefficient, ADC), as well as the main direction and the degree of directionality of diffusion (measured by fractional anisotropy, FA) [12] . Therefore, DTI seems to be sensitive to pathological processes altering water diffusion at a microscopic level, far beyond the resolution of conventional MR imaging [13] . Several investigators have carried out DTI studies in patients suffering from CSM [1, [6] [7] [8] [13] [14] [15] . They found significant differences in FA and ADC values between patients and normal volunteers, even in the absence of T2 hyperintensity of the spinal cord. Almost all of these studies were performed on patients with symptomatic myelopathy and at an advanced stage of spinal cord compression on plain MRI.
The purpose of this study was to evaluate DTI utility in detecting changes in the cervical spinal cord microstructure, especially in the early stage of DSD and to assess correlation of typical cervical spinal stenosis measurements, such as anteroposterior spinal canal diameter (APSCaD), anteroposterior spinal cord diameter (APSCoD) and SAC (space available for spinal cord) values with diffusion tensor parameters: fractional anisotropy (FA) and apparent diffusion coefficient (ADC). To the best of our knowledge until now there has been only one study, which compared DTI parameters and spinal canal stenosis measurements [16] .
Materials and methods

Patients and the control group
One hundred and thirty-two symptomatic patients (78 women and 54 men; age range 18-76 years, mean 53.58 years) with different stages of cervical spondylosis observed on plain MR images and 25 control subjects (14 women and 11 men; age range 27-80 years, mean age 45.78 years) were enrolled in the study. The inclusion criteria for the patients were clinical and radiological signs and symptoms of degenerative cervical spine disease. Patients with congenital spinal canal narrowing, central spinal canal widening, previous spinal surgery and with any incidental findings on plain MR images suggestive of neurological disorder that could bias the results (e.g. inflammatory changes) were excluded from the study.
All control subjects were asymptomatic volunteers with no history of neurological disorders, consisting mainly of the hospital staff.
The study was conducted in accordance with the guidelines of the local University Ethics Committee for conducting research involving humans. Each patient provided their signed informed consent to participate in the examination.
MR imaging and DTI protocol
The MR examinations were performed with a 1.5-T MR unit (Signa Hdx, GE Medical Systems) with 33mT/m maximum gradient strength, using a sixteen-channel coil dedicated for head and spine imaging. The MR protocol consisted of sagittal T1-weighted images (TR/TE 555/10 ms), sagittal and axial T2-weighted images (TR/TE 3,580/111 ms), sagittal T2-weighted FAT SAT images (TR/TE 3,380/118 ms), followed by axial DTI sequence.
DTI acquisition was based on single-shot spin-echo echo-planar imaging (SE/EPI) with the following parameters: TR/TE 10.000/99 ms, 160 9 160 mm field of view, matrix 96 9 96, in plane image resolution 1.6 9 1.6 mm with a 4-mm-thick axial slices parallel to the intervertebral disk space, no gap, number of acquisitions: 2. In each study, the examination frame was adjusted to cover the length of the spinal cord from the second to seventh cervical vertebrae. Diffusion was measured along 15 noncollinear directions with two b values: 0 and 1,000 mm 2 /s resulting in 1 image without and 14 with diffusion weighting. The acquisition time of DTI ranged from 5 to 7 min.
Image analysis
Plain MR images of the cervical spine of 132 patients and 25 control subjects were analyzed by two independent investigators (A.B. and J.B.). Each spine segment for each disc level from C2/C3 to C5/C6 was evaluated separately in terms of evidence of degenerative spine disease (DSD). A C6/C7 level was excluded from the analysis due to a large amount of artifacts occurring at this level on diffusion tensor (DTI) images. Three hundred and forty-nine spine segments were selected altogether (268 from the patients' group and 81 from the controls) and subsequently divided into five groups as follows (Table 1) The number of groups representing different stages of stenosis (A-E) at investigated cervical spine levels is shown in Fig. 1 . The level most commonly affected by degenerative changes was C5/C6, while the degenerative changes in the earliest stage were observed most often at C2/C3. As far as the control group is concerned, only spine levels without any spinal canal obliteration visible on plain MR images were included in the study, which gave the total number of 81 spinal cord segments.
The anteroposterior (AP) diameter of the spinal canal and of the spinal cord was measured on the axial T2-weighted images at each evaluated level. Space available for the cord (SAC) value was determined by subtracting the sagittal spinal cord diameter from the corresponding sagittal spinal canal diameter, according to the equation: SAC = APSCaD -APSCoD (space available for the cord = anteroposterior spinal canal diameter -anteroposterior spinal cord diameter).
Image post-processing was done using the Functool software (GE ADW 4.4 workstation). Apparent diffusion coefficient (ADC) and fractional anisotropy (FA) transverse maps were generated and FA and ADC values were 
Results
The mean and standard deviations of FA, ADC, APSCaD, APSCoD and SAC values for four level segments (C2/C3-C5/C6) of the cervical spinal cord in control and patients' groups are shown in Table 2 . (Tables 2, 3) . Fig. 1 The distribution of investigated groups at cervical spine levels (C2/C3-C5/C6). a control group, b-e groups representing the increasing stage of spinal degenerative changes The ADC values differed significantly (p \ 0.05) between the control group and groups B and C at C3/C4-C5/C6 spine levels and between the control and D group at C5/C6 level (Tables 2, 3 ).
There were no statistically significant differences in ADC values among patients' groups (Tables 2, 3 There was a significant negative correlation between the mean ADC values and APSCaD values at C3/C4, C4/C5 and C5/C6 levels (r = -0.38, -0.27, -0.29 respectively; p \ 0.01) ( Table 4) .
We found no statistically significant correlations between ADC values and APSCoD at all levels and between FA values and APSCoD in three of four investigated levels.
Discussion
MRI is considered the imaging modality of choice for the assessment of cervical spondylosis [17] ; however, it is characterized by limited sensitivity in the evaluation of spinal cord involvement. So far, the only reliable way to assess intrinsic spinal cord structure changes has been via pathomorphological examination. The advent of DTI has made it possible to evaluate microstructural disturbances of the spinal cord in vivo [18, 19] .
In the presented study, we investigated the usefulness of the DTI technique in the detection of cervical spinal cord structure alterations in different stages of DSD. We found statistically significant differences in FA and ADC values, between patients and controls, already at the stage of minor degenerative changes. There was a significant decrease in FA and increase in ADC values at C3/C4, C4/C5 and C5/ C6 levels in the presence of only subarachnoid space obliteration, without any visible involvement of the spinal cord (group B).
To our knowledge, our study is the first one to show changes in main DTI metrics in cases without visible involvement of the spinal cord on plain MR. We hypothesize that the obtained results can be associated with dynamic factors, i.e., physiological motion of the spine. Muhle et al. [20] , in the kinematic MRI study of patients with cervical spondylosis, reported that regardless of the stage of degenerative disease and the grade of spinal stenosis in the neutral position, cervical spinal motion may contribute to the development of CSM. During periods of movement, the spinal canal diameter is reduced about 2-3 mm on flexion [21] with the narrowing of the anterior space and anterior shifting of the cervical cord. In the majority of group B cases, it was anterior subarachnoid space to be narrowed, mainly due to disc herniation combined with initial osteophytic formation. Conversely, control group A was carefully selected so as no intervertebral disc reached beyond the borders of the adjacent vertebral bodies. Displacement of the spinal cord within the spinal canal, even without obvious spinal cord compression, may lead to abnormal tension patterns within the cord. It results in extracellular edema, which could cause the decrease in FA and increase in ADC values, as reported elsewhere in brain diseases [22] . There is an interesting hypothesis raised, among others, by Xiangshui et al., concerning the influence of increased pressure of cerebrospinal fluid on the internal pressure of the spinal cord. Cerebrospinal fluid flow disturbances, resulting from degenerative changes both in static position and during movement, could increase the pressure around the spinal cord and, in turn, alter interstitial diffusion which would result in DTI metrics changes [6] . The differences in FA and ADC values between control group and groups representing advanced, degenerative changes (D, E) were obvious, and has been already described by many authors [1, [6] [7] [8] [13] [14] [15] .
In our study, the mean FA values in the control group ranged from 0.58 to 0.55 at different spinal cord level segments. There is a large variation in FA values of normal cervical spinal cord among different studies (0.55-0.745), which can be mainly explained by the different ROI setting methods used. From our data, it was impossible to distinguish between white and gray matter on b0 image and ROIs were drawn over the entire spinal cord cross section, which resulted in averaging FA and ADC values of white and gray matter. In our opinion, this method is relatively easy to use from a practical point of view, and could be reliably used for follow-up, provided that special attention during ROI setting is paid to avoid partial volume effect of an adjacent cerebrospinal fluid.
Regardless of the measurements method used, there is considerable variation in the absolute values of DTI parameters noticeable among healthy subjects which complicates the interpretation of DTI results in individual patients. Kerkovsky et al. [23] , in a recent paper comparing diffusion tensor MR imaging with clinical findings, explored the usage of relative FA and ADC indices, which are the ratio of FA and ADC values derived from the unaffected segments (i.e. C2/C3 level) to the values obtained from the levels of spinal cord compression in one individual. This approach could help to avoid, among others, age-dependent divergences while comparing results and is certainly worth consideration.
There are several methods to quantitatively assess the reserve space around the spinal cord which is necessary to ensure adequate blood supply and biomechanics, and is usually obliterated in the course of DSD. We investigated two commonly used spinal canal measures: AP spinal canal diameter (APSCaD) and SAC value derived from transverse MRI images of both patients and controls. We found that the decrease of the mean FA values was significantly (p \ 0.01) associated with the decrease of APSCaD and SAC value at all four spinal cord levels (C2/C3-C5/C6). Moreover, there was a significant (p \ 0.01) negative correlation between the mean ADC values and APSCaD at three of four spine segments (C3/C4-C5/C6) as well as between mean ADC and SAC value (p \ 0.01) at C3/C4 and C5/C6. These results suggest that anteroposterior spinal canal diameters as well as space available for the cord index are well related to spinal cord white matter integrity, and therefore, could be reliable indicators of spinal cord impairment in patients with degenerative cervical spine disease.
Conclusions
DTI provides clinically relevant information about spinal cord integrity and impairment that is not available from other imaging modalities. Diffusion tensor parameters, especially fractional anisotropy, are the most sensitive biomarkers of spinal cord tissue alterations. AP spinal canal diameter and SAC index, which in our study proved to have a good correlation with DTI indices, may indirectly provide information about spinal cord integrity in different stages of narrowing of the cervical spinal canal.
In the future, FA values could be the best tool for selecting patients for surgical intervention in patients with cervical myelopathy. The standardization of acquisition protocols and post-processing methods between the imaging centers is necessary for the widespread adoption of FA measurements in degenerative cervical spine disease.
